Two finite element models are used to investigate the behavior of aluminum/silicon carbide thin-film layered composites with imperfect internal geometry when subjected to various loadings. In both models, undulating layers are represented by regular waveforms with various amplitudes, wavelengths, and phase offsets. First, uniaxial compressive loading of the composite is considered. The modulus and stress/strain response of the composite is sensitive to both loading direction and frequency of the undulation. Second, the nanoindentation response of the composite is investigated. The derived hardness and modulus are shown to be sensitive to the presence of undulating layers and the relative size of the indenter to the undulation. Undulating layers create bands of tensile and compressive stress in the indentation direction that are significantly different from the flat layers. The amount of equivalent plastic strain in the Al layers is increased by the presence of undulating layers. The correlations between the two forms of loading, and the implications to composite property measurement are carefully examined in this study.
Introduction
Multilayer coatings consisting of alternating ductile metal and high-strength ceramic thin films can possess superior mechanical properties such as high toughness and high damage tolerance, and thus have been a subject of intensive research. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] Mechanical characterization of thin film and coating materials relies primarily on nanoindentation techniques. However, complexity arises when the indentation technique is applied to multilayered thin films. This is due to the high degree of heterogeneity pertaining to the soft/hard arrangement along with the large interface areas. The deformation field will differ from that of a homogeneous thin film. Internal damage may also be induced by the indentation loading itself. 10, [14] [15] [16] [17] [18] [19] Numerical finite element analyses have been conducted on the aluminum (Al)-silicon carbide (SiC) nanolaminates to examine the internal deformation field and its correlation with the overall indentation response. 20, 21 It was found that a layered thin-film structure responds to indentation loading in a complicated manner. Unique hardness and trustworthy elastic modulus values (derived from the indentation test) may not be obtained, even if the indenter penetrates deep into multiple layers. 21 Despite the predominant compressive stresses directly below the indentation contact, significant tensile stresses along the vertical direction were found to exist at certain locations. The observed tensile stress helps to explain local fracture observed experimentally in postindented specimens. Furthermore, plastic deformation in the Al layers continues to occur during the unloading phase of indentation modeling. This was attributed to the internal mechanical constraint resulting from the hard SiC layers in the composite as well as the development of a unique stress pattern within the layers. Although the finding was based on numerical modeling, it serves to raise awareness that in actual indentation testing the unloading process may no longer be considered simple elastic recovery as in a homogeneous material. The same study also concluded that when performing numerical modeling of indentation loading, it is important to incorporate the explicit multilayered structure rather than using a homogenized approach. 21 The present study seeks to extend the previous work and examine the effect of imperfect layer geometry on the nanoindentation response. 22 Specifically, we consider the undulating (wavy) appearance of the layers, which inevitably exists when at least one film material is of polycrystalline nature and the individual layer thickness is in the nanometer range. Figure 1 shows an example of layered Al and SiC films above a silicon (Si) substrate with the individual nominal film thickness of 50 nm. 21 The interfacial roughness is due to the newly deposited SiC following the surface contour of the underlying Al film, which has the columnar grain structure. How this layer undulation can quantitatively influence the indentation behavior is unknown and is the primary objective of this study. Numerical models of multilayer thin films with varying extents of undulation are considered and subjected to both uniaxial and nanoindentation loadings. Uniaxial loading of the multilayer thin films is used to provide a baseline understanding of the bulk response of the undulating structure to compressive loadings applied parallel and perpendicular to the layers. The indentation response and its associated internal deformation fields of the undulating thin films are investigated. Implications of the numerical findings to physical experimental measurements are also discussed.
Model description
Multilayer thin film subjected to uniaxial loading A schematic of the model used to study the effect of undulating layers on the bulk response of the multilayer thin films in compression is shown in Figure 2 . A 2D, generalized plane strain model is assumed, which accounts for a uniform deformation in the out-ofplane direction. The sample is 3.0 mm wide and 3.05 mm thick consisting of 61 alternating layers of soft/hard material. The top and bottom layers are the soft material. Each layer is 50 nm thick, measured strictly along the two-direction. The undulating layers are made from a regular waveform with amplitude of 25 nm, effectively half the thickness of each layer. The top and bottom layers both have perfectly flat free surfaces. The wavelength of the waveform is varied in the lateral direction (one-direction) between 60 and 667 nm (50 to 4.5 cycles in the lateral direction, respectively).
The amplitude is left constant because previous simulations, not shown here, have shown little variation in elastic modulus for low amplitudes.
For these simulations, the soft material is assumed to be aluminum and the hard material is assumed to be silicon carbide. The Young's moduli for Al and SiC are taken to be 59 and 277 GPa, respectively. Nanoindentation of single-layer Al and SiC films provided the moduli for these materials. The somewhat lower modulus of SiC, relative to crystalline SiC (which is around 410 GPa), is due to the fact that the physical vapor-deposited SiC layers in the present case were amorphous. 23 The Poisson's ratios for Al and SiC were taken as 0.33 and 0.17, respectively. The plastic response of Al was based on the tensile loading data of single-layer Al with initial yield strength of 200 MPa. Rate-independent isotropic elastic-plastic response was assumed, with plastic yielding following the von Mises criterion with isotropic hardening and the incremental flow theory. The piecewise linear strain hardening response features hardening slopes of 199.33 MPa from initial yielding up to the strain of 50.51% and then 39.97 MPa up to the strain of 300.68% beyond which perfect plasticity ensues. 21 SiC is a much more brittle material. Nevertheless, a very high ''yield point'' of 8770 MPa (estimated from the indentation hardness of a single-layer SiC film) was used followed by perfect plasticity. 9 This assumption is necessitated by the fact that a purely elastic SiC in the model will generate unrealistically high loads during the simulation, and this is validated by the fact that in experiment the SiC layers exhibited a glassy/plastic-type response due to the amorphous nature of the film. 14 The left and bottom boundaries are fixed in the lateral and vertical directions, respectively. The model is compressed 400 nm in both the in-plane and out-of-plane directions (independently), which is the equivalent of eight layers in the out-of-plane direction. A prescribed boundary condition is used to enforce the displacement. The model is meshed with 10 elements through the thickness of each layer, resulting in approximately 1.4 million nodes and 1.4 million generalized plane strain elements. Simulations are performed using the commercial finite element code Abaqus Õ (Version 6.12, Dassault Systemes Simulia Corp., Providence, RI).
Multilayer thin film subjected to nanoindentation loading
The finite element model used in the indentation analysis consists of 41 alternating Al and SiC thin films on a substrate of Si. This corresponds to the actual nanolayered system studied previously. 21 A schematic of the baseline model with a perfect geometry (no undulation) is shown in Figure 3 . Both the top layer (to be in contact with the indenter) and the bottom layer (adjacent to the Si substrate) are Al. A conical diamond indenter with a semiangle of 70.3 is assumed. This indenter geometry results in the same projected contact area, for a given depth, as that of a Berkovich indenter in common nanoindentation experiments. Use of the conical indenter is a practical way to model the indentation process in a 2D setting. 24 The model is axisymmetric with the left boundary being the symmetry axis. The overall size of the entire specimen is 40 mm in lateral span (radius) and 43 mm in height. The thicknesses of the individual Al and SiC layers are 50 nm each. During deformation, the left and bottom boundaries are allowed to displace only in the axial and radial directions, respectively. The right boundary is not constrained. The top Al surface, when not in contact with the indenter, is also free to move. When contact with the indenter is established, the surface portion engaged by the indenter follows the frictional contact law. The coefficient of friction between the indenter and the top surface is 0.1, which is a typical value for the diamond/metal contact surface. 25, 26 It is assumed that the top layer Al remains intact and the indenter does not contact the SiC.
To simulate the undulated layer geometry, two regular waveforms of the SiC layers are considered in the multilayer part of the model shown in Figure 3 . The free surface of the topmost Al film and the interface with the Si substrate are assumed to be perfectly flat. In reality, the topmost Al film very well may exhibit waviness, but it is made flat as a simplifying assumption. The two waveforms considered are 180 out of phase and are referred to as the ''crest'' and ''trough'' models. These labels refer to the point on the wave that is at the symmetry axis, i.e. the crest of the waveform of the SiC layer is at the symmetry axis in the ''crest'' model and similar for the ''trough'' model. For each of these two models, the wavelength in the lateral direction varies between 200 and 667 nm. Two amplitudes of the waveform are considered: 12.5 and 25 nm (or 25 and 50%, respectively, of the thickness of an individual layer). Figure 4 shows a representation of the crest and trough waveform geometries at the indentation location. In Figure 4 (a) and (b), the solid black lines represent the original flat geometry, the colored lines represent the crest and trough type SiC layers, respectively, and the dotted lines represent the centerline of the SiC layer. The ordinate represents the axial coordinate of the geometry, and the topmost free surface of Al is at 43 mm. The top surface of the first SiC layer is displaced a distance while the thickness of the layer is held constant at 50 nm. This profile is then propagated through the rest of the layers. An example of the mesh near the free surface of the nanolaminate for both a crest and trough model is shown in Figure 5 .
There are approximately 125,000 fully integrated linear axisymmetric elements used in the nanolaminate model with a finer mesh size near the upper-left corner of the test sample. The element size near the indenter is 5 nm and increases in size far from the indenter. The indenter consists of 7454 elements with an element size of 10 nm near the tip. The mesh was created using CUBIT (Sandia National Laboratories, Albuquerque, NM). As in the case of uniaxial loading, the finite element program Abaqus Õ (Version 6.12, Dassault Systemes Simulia Corp., Providence, RI) was used to carry out the analysis.
The material properties used for both Al and SiC are the same as those used in the uniaxial loading described in the previous section. Both the Si substrate and the indenter are assumed to remain elastic. The Young's modulus and Poisson's ratio of the Si substrate are 187 GPa and 0.28, respectively. The Young's modulus and Poisson's ratio of the diamond indenter are 1141 GPa and 0.07, respectively. All the interfaces between different materials in the composite structure are assumed perfectly bonded. Although in actual materials internal damage can occur during indentation loading, the present analysis assumes an intact multilayer structure for the purpose of gaining baseline understanding of the deformation features. 21 The indentation-derived elastic modulus and hardness were directly obtained from the finite element modeling. Figure 6 shows a typical loading and unloading curve from an indentation simulation. The contact stiffness at the onset of unloading, S, can be calculated using equations (1) and (2) 27 
where A is the projected contact area at onset of unloading, is the indenter geometry-dependent dimensionless parameter, E and are the Young's modulus and Poisson's ratio, respectively, of the material being indented, and E i and i are the Young's modulus and Poisson's ratio, respectively, of the diamond indenter. In the simulation, the parameter was first calibrated with a pure Al body of the same geometry as the entire multilayers/substrate assembly ( Figure 3) , and a value of 1.06 was determined. This was accomplished by making certain that the indentation-derived Young's modulus is equivalent to the input value used in the finite element analysis. When calculating the projected contact area A, the last nodal point on the top surface in contact with the indenter was identified in the deformed mesh. Thus, the effect of pileup was automatically taken into consideration. The determination of the composite modulus E requires a known Poisson's ratio, . A separate finite element analysis of uniaxial loading of the Al/SiC laminates was used to determine . 28, 29 Finally, the hardness of the material, H, is given by equation (3)
with P being the load at a given indentation depth and A the corresponding projected contact area.
Uniaxial response of the undulating multilayer thin film Elastic modulus and stress/strain response For multilayer composites, the mechanical response will be direction dependent, even if both materials are considered isotropic. Since the composite will be transversely isotropic, the elastic modulus in the lateral (oneaxis) and vertical (two-axis) directions will be different. For the composite without layer undulation, the inplane modulus (E 11 ) and the out-of-plane modulus (E 22 ) can be estimated by assuming the isostrain condition (Voigt model) and the isostress condition (Reuss model), respectively. 28 The in-plane and out-of-plane moduli are given in equations (4) and (5), respectively
In both equations, E Al and E SiC are the Young's modulus for aluminum and silicon carbide, respectively. The volume fractions for each material are given as f Al and f SiC , respectively. Each equation is derived based on a 1D assumption. When applying these equations to a 2D or 3D structure, the predicted moduli will not take into account stress in the other directions. Not accounting for the stress in the perpendicular directions can lead to errors when using the above equations. 28 Although errors may be present, these formulas can provide a good starting point for analysis of a multilayer structure.
Equations (4) and (5) result in, for in-plane (E 11 ) and out-of-plane (E 22 ) moduli for the flat 61-layer composite, 166 and 96 GPa, respectively. In this sample, there is a nearly equal number of layers for both materials (31 Al and 30 SiC layers); therefore, the volume fractions for Al and SiC are 0.508 and 0.492, respectively. In the in-plane direction, the composite modulus is nearly the average of the two materials and is significantly stiffer than the out-of-plane modulus.
Due to the limitations of the 1D assumption above, the finite element method provides a technique for capturing the stress in the perpendicular directions and more accurately determining the moduli. The elastic modulus of the composite is calculated by determining the initial slope of the true stress-true strain curves. The elastic moduli in the in-plane and out-of-plane directions calculated from the finite element model are shown in Figure 7 . In this figure, the horizontal solid lines are the moduli for the case of perfectly flat geometry, obtained from the finite element analysis. The inplane modulus (E 11 ) and the out-of-plane modulus (E 22 ) for the flat case are 167 and 116 GPa, respectively. In the in-plane direction, the flat-layer finite element model and the 1D analytical model differ by less than 1%. The out-of-plane moduli are quite different with the finite element model modulus approximately 27% larger.
The moduli for geometry with undulating layers are also given in Figure 7 . The line marked by the squares represents E 11 and the line marked by circles represents E 22 predictions. The in-plane modulus is the more sensitive of the two moduli. As the wavelength of the wavy feature decreases, the modulus decreases from 159 to 118 GPa. In the in-plane direction, the wavy features decrease the stiffness of the composite. To best explain how the wavy features contribute to the softening of the composite, consider the flat geometry as a homogenous solid bar and the wavy geometry as a homogenous material with similar wavy features (such as a spring). The solid bar (flat geometry) is very stiff in the axial direction compared to something such as a spring. The wavy features in the planar direction allow the geometry to more easily compress in the same direction. At smaller wavelengths, the peaks and troughs get closer together, resulting in minimal lowering of stiffness with decreases in wavelength similar to a spring with a low pitch.
In the out-of-plane (E 22 ) direction, the elastic modulus is much less sensitive to the undulating layers. There is a moderate variation in the elastic modulus as the wavelength decreases, but the overall change is less than 10%. For wavelengths greater than 200 nm, the wavy feature causes a slight decrease in the elastic modulus. The wavy features effectively soften the sample in the in-plane direction and normal directions. For wavelengths less than 200 nm, the modulus increases relative to the modulus for the 200 nm wavelength. At the smallest wavelength (or largest number of cycles), the modulus actually increases to 122 GPa, greater than the modulus for the flat geometry. At this small wavelength, the wavy features effectively restrict the expansion of the sample in the in-plane direction, increasing the force required to deform the sample.
The true stress-true strain response of the sample with undulating layers under compression is shown in Figures 8 and 9 for out-of-plane and in-plane loading, respectively. The curves display forward loading (in compression) up to the strain of 0.18 followed by unloading and then reversed loading well into the tension regime. In both figures, the solid black line represents geometry with zero waviness or perfectly flat layers. The remaining data represent wavy geometry from the least wavy geometry (wavelength ¼ 667 nm) to the waviest geometry (wavelength ¼ 60 nm). The response in Figure 8 shows that as the frequency of the wavy feature increases, the flow stress decreases and the apparent plastic yielding during reversed loading appears earlier. An examination of internal stress field reveals that, for each value of wavelength modeled, every aluminum layer remains in compression in all three orthogonal directions. In each SiC layer, both tensile and compressive stresses are present. Overall, the addition of wavy features in out-of-plane compression causes a decrease in flow stress with little overall change in elastic modulus. Figure 9 shows the stress-strain response for inplane compression of a sample with varying numbers of wavy cycles. In this loading direction, the presence of the wavy features has an immediate effect on the strength of the sample. For the two largest wavelengths (or the two lowest cycle counts), the postyield behavior of the composite is not significantly different from that of the smaller wavelengths composites. Generally, the composites with wavy features under in-plane compression behave similar to a buckled beam. Euler buckling theory suggests after buckling under a critical load, only small loads are required for relatively large displacements. When the layers are loaded in the inplane direction, buckling does occur (Figure 10 ). With the larger wavelengths, the buckling occurs much earlier than for the smaller wavelengths, which triggers the lowering of flow stress for larger wavelength samples. Overall, the presence of wavy features affects the postyield behavior as well as result in a significant decrease in the in-plane stiffness in the in-plane direction. Figure 10 shows the deformed state of the multilayer thin film with wavy layers subjected to in-plane compression for wavelengths 120-667 nm and for flat layers. In the figure, each image shows the deformed state at true strain values of 0.1823 and 0.1625 for the flat and wavy cases, respectively. For each wavelength, the layer/layers that have buckled are different. For the larger wavelength, the buckling occurs in the horizontal center of the composite and emanates outward. The three other wavelengths have buckling patterns that run diagonally through the composite. The evolution of buckling leads to shear bands where subsequent deformation is localized. For a wavelength of 400 nm, the buckling begins in the top-right corner and moves toward the bottom-left corner. For a wavelength of 120 nm, the buckling region goes from the bottom center and moves upward in a diamond pattern through approximately the center of the composite. The shape of the shear bands is dependent on the wavelength of the undulating feature. This buckling phenomenon, leading to plastic instabilities, is what drives the decreased flow stress seen in Figure 9 .
Stress and deformation fields
Both the in-plane and out-of-plane compressive loadings show that the presence of undulating layers affects both the elastic modulus and the strength of the composite. Although both loading conditions have provided interesting results, the remainder of this section will focus on the out-of-plane compressive loading, as it most closely resembles nanoindentation loading. As discussed earlier, for out-of-plane compressive loading, all the Al layers are in compression in all three orthogonal directions for all variations in the geometry. The SiC in the layered composite causes the aluminum to remain in compression even though the lateral deformation is positive. The SiC layers are in tension laterally for the flat geometry while, with wavy geometry, the SiC layers exhibit both tension and compression. Figure 11 shows the in-plane stress (S 11 ) in the SiC layers for wavelengths of 120 and 60 nm when the overall compressive true strain is at 0.08. In the flat geometry, the in-plane stress is uniform, tensile, and has a magnitude of 4.8 GPa. The wavy features result in a stress field that ranges from -6 GPa to greater than 10 GPa. Also, the largest tensile stresses in the SiC are oriented such that Mode I cracking would be possible with sufficient stress.
The out-of-plane stress (S 22 ) in the SiC is shown for two different wavelengths for out-of-plane compression in Figure 12 . The out-of-plane stress in the SiC for flat geometry is uniform, compressive, and has a magnitude of 5.3 GPa. As seen in the figure, the wavy features induce a tensile S 22 stress greater than 1.5 GPa in the SiC. Also, the size of the tensile stress field becomes relatively larger as the wavelength gets smaller, and the tensile field shifts from the interior toward the interface region at the ''valley'' positions.
Another useful metric to consider in the uniaxial loading case is the equivalent plastic strain (EQPS) developed in the Al layers. Figure 13 shows the EQPS in the Al layers under out-of-plane compression for wavelengths of 120 and 60 nm when the overall compressive true strain is at 0.08. In the flat geometry, the EQPS in the Al layers is uniform and has a magnitude of 0.11. The presence of wavy features in the geometry causes an increase in the EQPS in the Al layers. With a wavelength of 120 nm, the peak EQPS in the Al layers is approximately 0.5. For a wavelength of 60 nm, the peak EQPS in the Al layers is well over 0.5. The location of the peak EQPS in the Al layers for all variations of wavelength is always at the Al/ SiC interface. The location implies that the Al/SiC interface is a preferred location for initiation of damage.
Effect of layer undulation on nanoindentation response
The effect of undulating layer geometry on nanoindentation response is now considered. The analysis is a follow-up of the preliminary study 22 in which only one amplitude and wavelength combination was considered. In the present study, the amplitude and wavelength of the waveform is varied to determine the sensitivity of the nanoindentation response to changes in the geometry. The indentation derived hardness and modulus, as well as internal stress and plastic strain distribution, will be compared for various values of amplitude and wavelength.
Indentation derived hardness
The main quantities of interest when performing nanoindentation are the composite hardness and elastic modulus. Therefore, these two metrics will be used to determine what effect the undulating layer geometry has on nanoindentation response. Figures 14 and 15 show the indentation-derived hardness as a function of indentation depth for the crest and trough waveforms, respectively, with varying amplitudes and wavelengths. In both cases, the presence of undulating layers results in deviation of the predicted hardness from the flat geometry. For both the crest and trough variations, undulating layers with amplitude of 12.5 nm have little effect on the predicted hardness of the multilayer structure (Figures 14(a) and 15(a) ). At most indentation depths, the 12.5 nm amplitude waveform changes the predicted hardness by less than 5%. The largest difference in the predicted hardness occurs at an indentation depth of 100 nm and is greater than 10%.
Figures 14(b) and 15(b) illustrate that larger amplitude undulations (25 nm) have a more pronounced effect on the predicted hardness of the multilayer thin film. For a wavelength of 400 and 667 nm, the sensitivity of the hardness is dependent on the geometry orientation (crest versus trough), while the response of the 200 nm wavelength waveform is similar for both the crest and trough models. For a wavelength of 200 nm in both geometry orientations, the hardness increases as compared to the flat geometry for indentation depths less than 300 nm. For depths greater than 300 nm, the hardness is the same or less than the flat case. This suggests that when the undulation is sufficiently large, a slight softening effect exists as the frequency of the undulations increases.
For the crest orientation at an indentation depth of 100 nm, the derived hardness is very similar for all cases except the 200 nm wavelength. The 200 nm wavelength undulation results in a structure that is 1.5 times as hard (Figure 14(b) ). This increase in hardness is attributed to the multiple crests that are beneath the indenter during this shallow indentation depth. This is also seen in the trough orientation for all wavelengths. In the trough model and an indentation depth of 100 nm, the 200 and 667 nm wavelengths are approximately 30% harder while the 400 nm wavelength model is nearly 70% harder (Figure 15(b) ). The difference in hardness is caused by the orientation of the wavy feature and the number of crests/troughs beneath the indenter for a given indentation depth.
From the results presented in Figures 14 and 15 , it is evident that a stable effective hardness value of the AlSiC layered composite does not exist. The hardness continues to increase with the indentation depth due to the combined effect of multilayer geometry and influence from the substrate material. With regard to the effect of layer undulation, no correlation between the indentation hardness response and uniaxial compression flow stress can be observed. Figures 16 and 17 show the indentation-derived Young's modulus as a function of indentation depth for the crest and trough waveforms, respectively. In each figure, results for the flat geometry and wavelengths of 200, 400, and 667 nm are shown for amplitudes of 12.5 and 25 nm. For all geometry variations, while the elastic modulus is most sensitive to the largest wavelength (667 nm), the two smaller wavelengths (200 and 400 nm) undulations both result in a change to the derived modulus. With the crest-type waveform (Figure 16 ), waveform amplitude of 12.5 nm has little effect on the modulus below the indentation depth of about 400 nm. For these indentation depths, the variations of the internal geometry do not cause any significant change in the contact stiffness or the projected contact area. At deeper indentation depths (above 400 nm), the internal geometry begins to have a greater influence on the contact stiffness and area. At these depths, the undulating layers with wavelengths of 667 and 400 nm effectively soften the contact stiffness. This behavior is also seen in the uniaxial loading in the previous section; that is, the structure is less stiff in the vertical direction with undulating layers (Figure 7) . The larger amplitude undulations shown in Figure 16 (b) have a greater impact on the derived modulus of the composite with the crest waveform. For both amplitudes, the 667 nm wavelength has the most prominent effect on the modulus. The 400 nm wavelength undulations behave similarly to the 667 nm case but with less change to the modulus. For the smallest wavelength models (200 nm), the indentation-derived modulus has a trend similar to that of the flat geometry. For these models, the effect of the undulating layers is less pronounced for indentation depths less than 600 nm, resulting in a small increase in the modulus. The small change in the modulus is related to the frequency of the undulation and the size of the indenter. When the undulation frequency is high, the geometry imperfections are effectively minimized, resulting in no oscillatory response. At deeper indentation depths, the effects of the undulating geometry are more pronounced and stiffen the composite.
Indentation-derived elastic modulus
The trough waveform response shown in Figure 17 is similar to the crest waveform response. The 667 nm wavelength waveform results in the overall largest percent difference between the flat and undulating geometries, particularly at indentation depths greater than 100 nm, for both amplitudes considered. The small amplitude with a wavelength of 400 nm has the most impact at deep indentation depths, resulting in a 6% change in the modulus. The 200 nm wavelength models have the least influence on the derived modulus. For both the 12.5 and 25 nm amplitudes with the trough waveform, the 200 nm wavelength case results in a slight increase to the modulus at depths less 600 nm. At depths greater than 600 nm, the 200 nm wavelength undulations result in a 5% increase of the modulus. The 200 nm wavelength combined with the 12.5 nm amplitude has the least effect on the modulus for all indentation depths and geometry considered. Regardless of waveform orientation, wavelength, or amplitude, the indentation-derived elastic modulus is affected by the presence of undulating layers.
The oscillatory behavior of the hardness and modulus is also worth noting. For low-frequency undulations, the hardness and modulus response has an oscillatory nature to it. Both the hardness and elastic modulus values oscillate about the values predicted by the flat geometry, and this oscillation is dependent on indentation depth. This behavior decreases as the frequency of the undulations increases. It is believed that this behavior is associated with the relative size of the indenter to the wavelength of the undulation. As the undulations increase, the indenter encompasses a greater number of peaks/valleys, resulting in a bulk response of the system as opposed to a response driven by internal geometry. Figure  15(b) ), while the 200 and 667 nm wavelengths increase the stiffness and the 400 nm wavelength decreases the stiffness (Figure 17(b) ). For the 667 nm wavelength undulation, the largest stress is only in the first SiC layer, unlike the first two layers of SiC as in the flat geometry. The smaller wavelength cases also have a more complex stress field as compared to the flat geometry case. With the smallest wavelength, there are large stresses in the first three layers of the silicon carbide. The trend of increasingly complex stress fields with shorter waveforms is consistent at deeper indentation depths (not shown here). Figure 19 shows the difference in ÁEQPS in the Al between the unloaded and loaded state for an indentation depth of 500 nm. Note that ÁEQPS represents plastic deformation occurring during the unloading phase of indentation, which is caused by the mechanical constraint imposed by SiC on the soft Al layers. 20, 21 In this figure, there are four different geometry configurations of the crest model: the flat case and three progressively smaller wavelength waveforms. The SiC is colored gray and does not correspond to the legend in each image. From the contour images, it can be seen that the ÁEQPS increases as the wavelength decreases. The wavelength also influences where the maximum ÁEQPS occurs in the composite. From the flat geometry to the smallest wavelength, the location of the maximum ÁEQPS moves radially toward a location corresponding to the maximum contact radius of the indenter. In addition, the number of layers with large amounts of plastic strain increases as the wavelength decreases. Also, the highest ÁEQPS occurs in the troughs of the metallic layers. The peak ÁEQPS in these models increases from 0.92 in the flat geometry to 2.08 in the 200 nm wavelength geometry. There is also a high level of ÁEQPS in the bottommost Al layer at the Al/SiC interface. Figure 19 reveals that the unloading-induced plasticity in the metallic layers is enhanced by the undulated layer geometry. Because the unloading is not purely elastic, the composite modulus as measured by indentation unloading will be affected. modulus is actually affected. Thus, further studies are needed. It suffices to conclude that, due to the localized nature of indentation loading and the associated spatial variation of deformation field, the indentation-derived modulus presents no direct correlation with that obtained from overall compression loading.
Comparison with experiment
This paper has presented a variety of results demonstrating the effect of imperfect layer geometry on indentation-derived variables. Under ideal circumstances, it would be prudent to compare the results for the undulating geometry to experimentally obtained data from similar geometry. Currently, there is no method to fabricate a multilayer structure with fixed-pattern waviness. In order to provide a link between the model and experiment, a subset of the data from the undulating geometry model is compared to indentation data obtained from testing 21 of the specimen shown in Figure 1 . Note that the specimen used in the indentation experiment has no intentional, regular undulation pattern and was fabricated using established magnetron sputtering techniques.
The indentation-derived hardness and elastic modulus for the multilayer structure from both models and experimental results are shown in Figure 20 . In this figure, the only data for undulating geometry is the crest model with amplitude of 25 nm and wavelength of 200 nm. For both the flat and wavy models, the agreement with the experimental results is reasonable. The largest discrepancy between the nominally flat model and experimental data is seen in the indentation-derived hardness for shallow indentations. The data from the wavy model more closely match the experimental results. This suggests that there is uncertainty associated with the assumption of a perfectly flat geometry for this specimen. It is possible that the layers were not perfectly flat near the indentation site, which could have caused an increase in the hardness. The elastic modulus for both models and experiments compares well. Although the physical specimen had no intentional, regular undulation pattern, the wavy model data better match the experimental data compared to the flat model data for shallow indentations. The comparison indicates that differences in model and experimental data may be attributed, at least partially, to imperfect layer geometry in the physical specimen.
Conclusions
Numerical finite element modeling was performed to determine the effect of undulating SiC layers on the mechanical response and the stress/deformation fields in metal-ceramic multilayered thin-film composites. Two models were considered. First, 61 undulating layers of alternating hard and soft material were subjected to overall uniaxial compressive loadings in the in-plane and out-of-plane directions. The in-plane loading caused a decrease in the composite stiffness as the frequency of the undulations increased. In-plane loading also causes shear bands to develop, decreasing the flow stress in the composite and leading to plastic instabilities. The composite modulus was less sensitive in the out-ofplane direction to the presence of the undulating layers, though there was a progressive loss of flow strength in the composite as the frequency of the undulation increased. From these results, it is shown that the presence of undulating layers does indeed affect the mechanical properties of the multilayer thin-film composite.
The second model consists of 41 alternating layers of 50 nm thick Al and SiC on a Si substrate subjected to out-of-plane nanoindentation loading. The profile of each undulating layer is a regular waveform with wavelengths of 0.20, 0.40, and 0.67 mm and amplitudes of 12.5 and 25 nm. Two waveforms were used that were 
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out of phase of each other, a ''crest'' and ''trough'' model, at the symmetry axis. For undulation amplitude of 12.5 nm, the effect on the indentation-derived quantities was minimal, particularly at shallow indentation depths. For an amplitude of 25 nm, the crest and trough models lead to indentation-derived hardness and modulus values that differ from the nominal flat geometry by as much as 10%. The variation in hardness and modulus is dependent on indentation depth and the phase of the waveform. The indentation-derived Young's modulus becomes less sensitive to wavelength as wavelength decreases (i.e. more undulations in the geometry), at shallow indentation depths. The modulus is most sensitive to the undulation frequency and amplitude for deep indentations. Also, the stress fields in both materials become more complex as the number of undulations increases. The indentation-derived modulus and hardness generally display no direct correspondence with those obtained from uniaxial compression loading. Overall, greater uncertainty exists when using the indentation unloading response to determine the elastic modulus of multilayer thin film composites.
Lastly, to gain a greater understanding of the imperfections of undulating geometry, it could be possible to study the surface waviness of sputtered aluminum through the controlled growth of grain sizes. Also, in the current study, the topmost Al surface was assumed flat. The effect this assumption, or lack of surface waviness, has on the indentation-derived variables is another possible extension of this study.
